Abstract. The mixed state in homogeneous type-11 superconductors is characterized by the formation of a lattice consisting of flux limes (EL) each carrying one flux quantum q50. To make the penetration of these quantized F L into a superconductor possible, normal vortex cores must be created. At the upper critical field H,(T) the total area of the normal cores formally coincides with the sample area and the superconductivity is completely destroyed. To reduce the destructive action of magnetic field on superconductivity, one should separate the areas where flux penetrates from these where the superconducting order parameter y/ nucleates. Using nanostructuring and fabricating a lattice of microholes ("antidots") to let flux go through antidots, we are thus helping the order parameter between the antidots to sustain much higher currents and magnetic fields. This is the main idea of "quantum design" of the two important superconducting parameters: the critical current j,(T,H) and the critical field H,, (T). By optimizing the parameters of the antidot lattices, we have stabilized multi-quanta vortex lattices and we have drarnetically increased j,(T,H), up to values limited by the depairing current, and strongly enhanced the critical field, which can eventually be much higher than HC2(T) of the bulk reference superconducting material.
INTRODUCTION
In 1957 Abrikosov [I] predicted the existence of a novel quantum state in homogeneous type-I1 superconductors. This so-called mixed state is characterized by the formation of a lattice consisting of flux lines (FL) each carrying one flux quantum @,,. To allow the penetration of these quantized FL, normal vortex cores, with a size given by the temperature dependent coherence length {(T), must be created. Later on, the existence of a single-& FL lattice in type-I1 superconductors has been convincingly demonstrated in magnetic decoration [2] , neutron scattering [3] and recently in scanning tunneling microscope [4] (STM) experiments.
In homogeneous superconductors the formation of a FL lattice consisting of multi-quanta vortices is energetically unfavorable [5] . Contrary to this, relatively large artificial pinning centers can stabilize multi-quanta vortices. For regular arrays of artificial pinning centers the vortex-vortex interactions complicate the situation, but multi-quanta FL lattices can still exist, provided that their radius r is sufficiently large [ 6 ] .
Following the pioneering work of Hebard et a1. [7] , we showed recently [8- 101 that a regular array of submicron holes or "antidots" (a definition borrowed from similar nanostructured semiconducting films can be successfully used to stabilize multi-quanta and interstitial vortices in superconducting films.
In this paper we focus on the fundamental aspects of flux confinement phenomena in superconducting films and multilayers with antidot lattices.
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MULTIQUANTA VORTEX LATTICES
A typical magnetization loop M(H) at a temperature close to T, of a PblGe multilayer with a triangular antidot lattice (period d = 1 pm) is shown in Fig. l(a) . The M(H) curve is also measured for the reference PbIGe multilayer without antidots. The width AM of the M(H) loops in perforated films is strongly increased due to the efficiency of antidots as artificial pinning centers. Besides an overall enhancement of AM, distinct cusp-like M(H) anomalies are clearly seen exactly at the expected matching fields where the number of FL corresponds to an integer multiple of the number of antidots, H,,, = m x 23.9 G for triangular antidot lattices. The radii r of the antidots are sufficiently large to trap multiquanta FL. The maximum possible number of FL trapped by a single insulating inclusion with radius r is determined by the saturation number [13] n, E rl(2KT)). In this case, at T = 6 K, n, = 3 and we can therefore assume that the cusp-like M(H) anomalies are related to the formation of multiquanta vortex lattices. We will now attempt to give a quantitative description of the M(H) behavior, first for the matching fields and secondly for field values between the matching fields.
An estimate of the temperature dependent penetration length for thin films A = 2a21t (where is the penetration depth and t the total thickness of the film) shows that in our case A(T = 6 K) 5.8 pm >> d = 1 pm. This A value can be even further increased due to the renormalization of the penetration depth in perforated films, where superconducting volume corrections have to be taken into account [14] . Fig. l(b)), and is a result o f inserting the relation a,,  E (@d(~-H,,) (Fig. 3(b) ) and the single-terrace critical state B = constant (Fig. 2(c) ) are still
In the following, we will describe the M(H) behavior in the field intervals between the matching fields. The cusp appearing in M(H) at each matching field H, will be considered as the onset o f the formation of (m+l)@o multiquanta vortices, in the same way as in a homogeneous sample without pinning centers the M(H) maximum at HcI indicates the onset o f the penetration

Q0 fails, since A(T) is spread over many periods and Ui terms, corresponding to m@O x (m+l)@O and (m+l)QO x (m+l)@o should be taken into account in order to minimize the energy. Such an optimization procedure should be performed numerically [16]. W e note that the stabilization of the FL by the antidot lattice has resulted in a remarkable collective behavior o f M(H), typical for the presence o f a m@JO-FL lattice at H = H,, and a mixture of mQ0-and (m+l)@o-vortices between the matching fields H, < H < H,,,,. Due to the introduction of a regular pinning potential, we were able to obtain in a multiple-connected superconductor with an antidot lattice a logarithmic irreversible magnetization l?ehavior which is normally observed as a revecrihle magr~etization of the Ahrikosov FL lattice in homogeneous superconductors in fields H > H,,. The pronounced M(H) cusps at H = H,,, have been interpreted as analogues of the usual HCI cusps, but for the onset of the formation of multi-quanta vortices. Besides the strong increase in critical current, the formation of the multi-quanta vortex lattices results also in a dramatic modification of the critical field Hc2(T) (Fig. 5). Comparing HC2(T) curves for the film with and without antidot lattice, we clearly see a strong enhancement o f H,,(T) and also the appearance of the pronounced cusp-like anomalies at the matching fields H = H,. Assuming again that the London
limit I WI = constant
relevant, we can easily interpret the Hc2(T) anomalies in the following way. The critcal field HC2(73 exactly at the matching fields may be found from the condition
As it was already shown before, Hc,(H,,,) << H, and the second term in Eq. (3) can be neglected.
Therefore T,(H,) oc H, x in2 , which is in a good agreement with the experimental data (see the dashed line in Fig. 5 ) Between the matching fields, the cusp-like anomalies are arising from the second term in Eq. (3) and they will give also the logarithmic shift of Tc(H,<H<Hm+,) cc In (H-H,), in a similar way as for the formation of the logarithmic cusps in the magnetization curve (see Fig. I ). 
VORTICES PINNED BY ANTIDOTS AND INTERSTICES
In order to study the vortex pinning by antidots and interstices (interstitial positions between the antidots), we have performed magnetoresistance R(H) and voltage-current V(I) measurements in superconducting amorphous Wo,67Gea33 films with a square lattice (period d = lpm) of relatively small antidots with radius r = 0.12 pm. The amorphous WGe films behave as extreme type I1 superconductors (rGL(0) = 60 A, A(0) = 4920 A), having a very moderate pinning strength. In that way, a large pinning contrast can be obtained between the perforated and the non perforated reference films and the influence of the defect array on the transport properties can be clearly observed. In Fig. 6 , the magnetoresistance of the W0,,,Ge,,, film with an antidot lattice (AL) is compared with the behaviour of the reference film without antidots measured at three different temperatures near T, = 4.725K and with a fixed ac current density of 41 A,/cm2. The reference film has a linear field dependence typical for the classical flux flow [17] . In the case of the film with an AL, the resistance is strongly suppressed when the number of flux lines is less than the number of antidots (H < H, = 20.7 G) due to strong pinning of the flux lines by the antidots. Above the first matching field H , , the resistance increases linearly with increasing field and shows pronounced dips at the second matching field H = H, where there are exactly two flux lines per antidot. This remarkable increase of the dissipation, V = H-H, can be attributed to the generation of vortices at interstices between the holes, which are easily channeled through the rows of antidots due to the Lorenz force, FL oc f &. AS more interstitial vortices are added, the interaction between them becomes stronger and a deviation from the linear dependence can be observed. At the second matching field, the interstitial flux lines are commensurate with the underlying AL, occupying hereby the positions of the squares with the antidots at the corners, which enhances the energy barrier for the motion of the interstitial flux lines. In Fig. 7 , E-J plots with E the electric field and J the current density are shown in different magnetic fields ranging from 10 to 100 G at a fixed temperature T = 4.69 K. At fields below H,, J, (shown in the insert) seems to be rather independent of the field and the logE -logJ plots are reasonably well approximated by a straight line corresponding to a power law relation E = Ja. As the field exceeds H,, a kink appears in the E-J curve. This kink is preceded by a tail which can also be described by a power law but with a much smaller exponent a. Again, as for the case H < H,, the slope of the curve is the same for the different fields. From the above observations it is clear that at H > H, we have to distinguish between two types of dissipative processes related to vortices with a different mobility. At low currents J < J,,. and H > H,, the vortices at the holes are pinned while the interstitial vortices are easily swept giving rise to a dissipation Ei. When a certain threshold current is reached, the vortices at the antidots are delocalized and their motion creates an electrical field E,. As a result the total field is given by E = Ei+Ea and a kink is visible in the E-J curve at the moment when the additional dissipation process, related to the motion of the vortices trapped by the antidots, is initiated. 
CONCLUSIONS
We have studied flux confinement phenomena in superconducting films and multilayers with an artificial periodic pinning array. The presence of the lattice of artificial pinning centers leads to an overall enhancement of the critical current density and to cusp-like M ( H ) anomalies due to a matching of the flux line lattice with the antidot array.
For relatively large antidots we encounter multiple flux quanta in each hole. Assuming the existence of multiple-flux-quanta lattices, we constructed a theoretical description of the magnetization loops. This equation yields a convincing quantitative agreement with the experimental magnetization loops, including the linear behavior of M(H) at matching fields M(Hm) = -m @ d~~ and logarithmic behavior elsewhere: M(Hm < H < Hm+l) K -ln(H-Hm). Similar approach has been also developed to interpret the strong enhancement of the critical fields due to the formation of the multi-quanta vortex lattices. For the superconducting films with relatively small antidots, the holes can only pin one flux quantum and, as the field is increased, additional flux lines have to occupy interstitial sites between the holes, leading to a coexistence of weakly pinned interstitial vortices and a strongly pinned vortex lattice at the antidots. This explains the observed drop in the critical current density for fields exceeding the first matching field H,. The presence of mobile interstitial vortices leads to a crossover in the E-J characteristics.
